INTRODUCTION
============

Mitotic cell division is a process whereby genetic material is duplicated, separated, and packaged to yield two daughter cells. This process relies heavily on the spatial and temporal synchronization of signaling activity at the mitotic spindle, a structure that segregates the chromosomes and guides them toward the daughter cells. The mitotic kinase, polo-like kinase 1 (PLK1), is a major regulator of this process that works to ensure bipolar spindle formation and chromosome alignment at the metaphase plate. This is accomplished by PLK1-scaffold interactions at the mitotic centrosomes/spindle poles, which modulate the recruitment of centrosome components SAS-4, γ-tubulin, γ-TuRC, pericentrin, and CEP215 (reviewed in [@B4]). Their recruitment is initiated after PLK1-dependent SAS-4 phosphorylation ([@B27]). This phosphorylation allows SAS-4 expansion to occur, followed by the recruitment of CEP215 and γ-tubulin and subsequent expansion of the pericentriolar material (PCM), playing a crucial role in mitotic centrosome/spindle pole formation during division ([@B27]). However, it is unclear whether PLK1 is additionally regulated between the two spindle poles during cell division.

Owing to the nature of centriole duplication, the two spindle poles are inherently asymmetric from one another. The oldest (mother) spindle pole is enriched with the centriole appendage protein cenexin, compared to the youngest spindle pole (daughter; [@B31]; [@B13]). During interphase, mother centriole appendages assist in centrosome positioning ([@B13]) and primary cilia formation by anchoring the oldest centriole (known here as the basal body) to the cell membrane to form the primary cilia (reviewed in [@B18], and [@B32]). Prior to mitotic onset, PLK1 is recruited to the basal body where it assists in ciliary disassembly ([@B34]). Cenexin regulates appendage formation and has also been identified as a PLK1 binding partner ([@B29], [@B30]). Previous work utilizing ground state depletion (GSD) identified a modest, but significant, enrichment of PLK1 at the mother (cenexin-positive) spindle pole in fixed in vitro metaphase cells ([@B11]). This study suggests an inherent asymmetry in PLK1 distribution that is dependent on centrosome age. During division, cenexin has been implicated in multiple processes, including modulating preferential chromosome misalignment toward the oldest spindle pole in the event of mitotic error ([@B10]). Knowing this, we wanted to test the hypothesis that PLK1 localization and activity is asymmetrically regulated between the two spindle poles through the presence of cenexin at the mother spindle pole, which can modulate directional chromosome misalignment.

Using a multidisciplinary approach, we found a significant asymmetry in PLK1 localization and activity between spindle poles in in vivo zebrafish studies and in vitro tissue culture. From here, we tested whether the propensity for chromosomes to misalign toward one spindle pole altered PLK1 activity. We further examined whether altering PLK1 activity influences the preferential misalignment of lagging chromosomes toward the oldest spindle pole.

RESULTS
=======

Asymmetric distribution of PLK1 in zebrafish and mammalian cells
----------------------------------------------------------------

In mammalian dividing cells, PLK1 is up-regulated during mitosis. During this time, it is enriched at spindle poles and kinetochores, specifically from prometaphase to metaphase ([@B17]; [@B4]). Following metaphase exit, PLK1 transitions from kinetochores to the cytokinetic furrow, where it is subsequently concentrated at the forming midbody ([@B1]; [@B17]; [@B3]; modeled in Supplemental Figure 1A). The subcellular distribution of PLK1 in mammalian cells has predominately been studied in in vitro cell culture models. However, in vitro systems do not always represent what is happening in vivo. Here, we examine the temporal and spatial regulation of PLK1 during division first in a developing vertebrate embryo ([Figure 1, A--E](#F1){ref-type="fig"}) and then in in vitro cell culture ([Figure 1, F--I](#F1){ref-type="fig"}). Fertilized embryos were injected with 100 pg of PLK1-mCherry mRNA. Injected embryos were imaged using confocal microscopy 4.5 h post­fertilization (hpf). At this time, embryonic cells are proliferating asynchronously ([@B16]), and proliferating cells can be distinguished via PLK1 expression (Supplemental Figure 1, A--D). By magnifying the PLK1-mCherry--positive subpopulation, a distinct subcellular distribution of PLK1-mCherry at spindle poles and ­kinetochores was noted (Supplemental Figure 1, D and E). The spatial and temporal distribution of PLK1-mCherry in a single dividing cell was monitored over a 360 s time span. PLK1-mCherry transitions from spindle pole and kinetochore localization in metaphase to cytokinetic furrow localization during cytokinesis where it becomes concentrated at the cytokinetic midbody ([Figure 1A](#F1){ref-type="fig"} and Supplemental Video 1).

![PLK1 asymmetric distribution between spindle poles is conserved in vivo (zebrafish) and in vitro (mammalian cell culture). (A--E) Data from a 4.5 hpf embryo expressing PLK1-mCherry. (A) Confocal maximum projections of a single mitotic cell taken from prometaphase through cytokinesis expressing PLK1-mCherry. Images taken every 30 s, over 6 min. Bar = 10 μm. (Ba′) Maximum projection of single metaphase cell expressing PLK1-mCherry. Bar = 5 μm. (Bb′) 3D surface plot of metaphase cell (from a′) displaying PLK1-mCherry integrated intensity measurements ranging between 0 and 250. Spindle poles marked 1 and 2. Fire-LUT (ImageJ). (C) PLK1-mCherry integrated intensity at the highest spindle pole (pole 1) was normalized to 100% and compared with the lowest spindle pole within a single mitotic spindle (*n* = 49 cells measured across 10 embryos ± SEM, Student's *t* test, *p* \< 0.0001). (D) Shown is a single prometaphase cell expressing PLK1-mCherry with poles 1 and 2 marked by a ROI at time point 0 s. PLK1-mCherry integrated intensity is displayed through a Fire-LUT where high intensity white pixels are 35,000 and lower intensity black pixels are 0. The ROIs where PLK1 intensity between poles 1 and 2 is symmetric is highlighted in gray (0 s). Where PLK1 intensity is asymmetric is highlighted in blue (120 s). Bar = 5 μm. (E) Line graph of PLK1 intensity over 2.5 min at poles 1 (magenta) and 2 (cyan) featured in D, illustrating periods of symmetric (gray) and asymmetric (blue) PLK1 intensity between the spindle poles. (F--I) Data from human retinal pigment epithelial (RPE) cells stably expressing GFP-PLK1. (F) Representative images of fluorescence recovery after photobleaching (FRAP) of GFP-PLK1 expressing RPE cells at spindle poles during metaphase (Fire-LUT, ImageJ). Bar = 5 μm. 3D surface plot of a single metaphase cell displaying GFP-PLK1 integrated intensity between the two spindle poles. Spindle poles 1 and 2 are marked. (G) GFP-PLK1 integrated intensity at the highest spindle pole (pole 1) was normalized to 100% and compared with the lowest spindle pole within a single mitotic spindle, over *n* = 44 cells in *n* = 3 experiments ± SEM, Student's paired *t* test, *p* \< 0.001. (H) Model of centrosome-localized PLK1-activity FRET biosensor where active PLK1 phosphorylates the substrate sequence c-jun (green), causing the FHA2 domain (magenta) to bind, and leading to a conformational change in the biosensor and subsequent loss of FRET. Increased phosphatase activity causes the biosensor to enter a relaxed conformation, allowing FRET ([@B3]). (I) Quantification of the inverse FRET ratio across multiple spindle poles displayed as a box and whisker plot. Pole 1 binned as mitotic centrosome with highest inverse FRET ratio (gray) compared with pole 2 (blue) from a single mitotic spindle. Representative of FRET ratio at a single mitotic centrosome shown (Fire-LUT, ImageJ). *n* = 60 cells, + indicating mean, and each data point representing a single mitotic centrosome, Student's paired *t* test, *p* \< 0.001.](mbc-30-1598-g001){#F1}

###### Video S1

**PLK1-mCherry is enriched at spindle poles, kinetochores, and cytokinetic midbody in live zebrafish embryos**. Maximum confocal micrographs of a single mitotic cell in a live zebrafish embryo (4.5 hpf) expressing PLK1-mCherry from prometaphase through cytokinesis. Images from every 60 seconds, over 6 minutes. Bar = 10μm.

Video S1

Upon investigation of the integrated intensity of PLK1-mCherry between spindle poles in metaphase cells within the zebrafish embryo, we noted that one spindle pole has a significantly larger proportion of PLK1-mCherry compared with the other ([Figure 1Ba](#F1){ref-type="fig"}′; Fire look-up table \[LUT\]). This is clearly demonstrated when the maximum projection of a single metaphase cell ([Figure 1Ba](#F1){ref-type="fig"}′) is presented as a three-dimensional (3D) surface plot ([Figure 1Bb](#F1){ref-type="fig"}′), where each peak represents a spindle pole (labeled with 1 and 2). The spindle pole peak on the left (1) presents with 10% greater PLK1 fluorescence intensity than its partnering spindle pole peak on the right (2; [Figure 1Bb](#F1){ref-type="fig"}′). To validate this finding, we measured PLK1 fluorescence intensity between spindle pole pairs over 49 metaphase cells from 10 embryos. The spindle pole with the highest intensity was binned as pole 1 and the pole with the lowest intensity was binned as pole 2. From this data set, one spindle pole consistently contained 10.31 ± 1.14% less PLK1-mCherry compared with the other ([Figure 1C](#F1){ref-type="fig"}). We then examined whether this asymmetry was present throughout a 150 s time course of a prometaphase cell transitioning through metaphase ([Figure 1, D and E](#F1){ref-type="fig"}). This was measured by placing a region of interest (ROI) over spindle poles 1 and 2. The integrated intensity of PLK1-mCherry within this region was plotted over 150 s with images taken every 30 s. The graph demonstrates that spindle poles present with asymmetric PLK1 distribution as cells exit prometaphase ([Figure 1E](#F1){ref-type="fig"}; beginning at 60 s time point). These findings suggest an inherent asymmetry in the amount of PLK1 between the two spindle poles that is similar to the asymmetry reported under in vitro fixed cell conditions using GSD ([@B11]).

To determine whether this inherent PLK1 asymmetry between metaphase spindle poles is conserved in live mammalian cells, we employed a retinal pigment epithelial (RPE) cell line that stably expresses GFP-PLK1 at endogenous levels ([@B3]). Fluorescence recovery after photobleaching (FRAP) was performed. To do this, a ROI was placed over both spindle poles ([Figure 1F](#F1){ref-type="fig"}), where a 488-nm laser was applied. Upon application of the laser, GFP-PLK1 fluorescence within the regions was bleached. After 1.6 s, GFP-PLK1 signal returns to that region ([Figure 1F](#F1){ref-type="fig"} and Supplemental Video 2). A 3D surface plot was performed for the metaphase cell pre-FRAP (−1.2 s), during the FRAP (0 s), and post-FRAP (1.6 s; [Figure 1F](#F1){ref-type="fig"}). At −1.2 s (pre-FRAP), pole 1 contained significantly more GFP-PLK1 than the other (pole 2). At 0 s, GFP-PLK1 at both poles was successfully bleached. At 1.6 s, pole 1 returned to have an elevated amount of GFP-PLK1 compared with spindle pole 2 ([Figure 1F](#F1){ref-type="fig"}), suggesting an increased exchange of GFP-PLK1 at pole 1. Along these same lines, we determined over multiple metaphase cells that spindle pole 2 contained 14.70 ± 4.12% less GFP-PLK1 compared with pole 1 ([Figure 1G](#F1){ref-type="fig"}). These findings are strikingly similar to the differences in GFP-PLK1 between the two spindle poles observed in metaphase cells within the zebrafish embryo, where one pole had 10.31 ± 1.14% less PLK1 than the other ([Figure 1C](#F1){ref-type="fig"}). Together, this suggests a conserved mechanism for an asymmetric distribution of PLK1 between the two spindle poles.

###### Video S2

**PLK1-GFP asymmetrically distributes and is exchanged at the two spindle poles during metaphase**. Fluorescence recovery after photobleaching of RPE cells stably expressing GFP-PLK1 at mitotic centrosomes during metaphase. Images taken every 113 milliseconds for 18 seconds. (Fire-LUT, ImageJ). Bar = 5μm.

Video S2

Our findings demonstrate an asymmetry in PLK1 distribution between the two spindle poles; however, a difference in distribution does not necessarily confer a difference in PLK1 activity. To test activity, we utilized a centrosome-localized PLK1 activity fluorescence resonance energy transfer (FRET) biosensor that we developed and controlled for in [@B3]. This biosensor can be successfully utilized under either live or fixed conditions ([@B3]). The PLK1 activity FRET biosensor is composed of monomeric cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) flanking a c-jun PLK1 substrate sequence and an FHA2-phosphobinding domain, anchored to centrosomes by the pericentrin-AKAP450 centrosomal-targeting (PACT) domain using a 10 amino acid linker ([Figure 1H](#F1){ref-type="fig"}; [@B3]). Active-PLK1 phosphorylates the c-jun region, causing a conformational change in the biosensor and a decrease in FRET between CFP and YFP. We plotted the inverse FRET ratio, such that an increase in this ratio would correspond to an increase in PLK1 activity ([Figure 1I](#F1){ref-type="fig"}; [@B3]). Using this biosensor, we measured the inverse FRET ratio in dividing HeLa cells and binned, from a single metaphase mitotic spindle, the spindle pole with a higher inverse FRET ratio as spindle pole 1 and the spindle pole with a lower inverse FRET ratio as spindle pole 2. This was done over 60 metaphase cells, where we calculated that one spindle pole (pole 1) had a significantly greater inverse FRET ratio (median of 2.43) compared with the other (pole 2, median of 2.06; [Figure 1I](#F1){ref-type="fig"}). Together, these data suggest that an asymmetry in PLK1 distribution and activity exists between the two spindle poles in metaphase cells.

Chromosome misalignment drives asymmetry in PLK1 distribution
-------------------------------------------------------------

A possible mechanism to respond to misaligned chromosomes is to adjust PLK1 distribution between spindle poles. During prometaphase exit and metaphase, misaligned chromosomes can be found that realign with the metaphase plate ([Figure 2A](#F2){ref-type="fig"}). During these situations, we imaged GFP-PLK1 RPE cells every 2 min across the full volume of the cell until it passed through anaphase (∼20 min in duration). GFP-PLK1 intensity was then measured at each spindle pole over time. The spindle pole with the misaligned chromosome in closest proximity was binned as spindle pole 1 and the other as spindle pole 2. When a misaligned chromosome occurred, spindle pole 1 contained an elevated GFP-PLK1 signal compared with spindle pole 2 ([Figure 2, A and B](#F2){ref-type="fig"}). To examine whether this was a consistent phenomenon, a ratio was calculated for GFP-PLK1 intensity at the spindle pole with a misaligned chromosome (pole 1) over the spindle pole without the misaligned chromosome (pole 2) during time points of misalignment compared with time points postmisalignment over 10 dividing cells ([Figure 2C](#F2){ref-type="fig"}). During misalignment, a mean ratio of 1.33 occurs compared with postmisalignment where a mean ratio is at 1.01 ([Figure 2C](#F2){ref-type="fig"}), suggesting that asymmetry in PLK1 between mitotic spindle poles is due to adjustments in chromosome alignment.

![PLK1 asymmetric distribution between spindle poles is driven by chromosome misalignment. (A) GFP-PLK1 (16-color LUT, Image J) RPE cells treated with NucBlue to stain DNA (white) were imaged every 2 min. Shown is a time point with a misaligned chromosome (2 min, arrow) that then assembles within the metaphase plate by 6 min. Bar = 2 μm. The spindle pole on the side with the misaligned chromosome is marked as 1, and the opposite pole is 2. Ratio values for GFP-PLK1 between poles 1 and 2 shown in the lower right corner. (B) The intensity of poles 1 and 2 from A was measured over a 20-min time course and plotted. Chromosome misalignment marked on plot. (C) The ratio GFP-PLK1 intensity at the spindle pole (labeled 1) with a misaligned chromosome divided by the GFP-PLK1 intensity of spindle pole without a misaligned chromosome (labeled 2) was measured during misalignment (magenta) and postmisalignment (cyan) in the same cell over *n* = 10 live-cell data sets. Violin plot shown. Dashed line at median; dotted lines at interquartile range. Student's paired *t* test; \*\*\*, *p* \< 0.001. (D) Maximum projection of a zebrafish embryo expressing PLK1-mCherry (cyan) and NucBlue (white). Examples of metaphase cells with proper chromosome alignment (orange) and chromosome misalignment (magenta) denoted by boxes. Bar, 100 μm. (E) Example images of mitotic cells from D with proper chromosome alignment (top, orange box in D) and chromosome misalignment (bottom, magenta box in D). PLK1-mCherry (cyan) and NucBlue (white) shown in left and center images. PLK1-mCherry (16-color LUT) in right images to denote areas of high PLK1 intensities. Ratio values for PLK1-mCherry between mitotic spindle poles shown in the top right corner. Bar = 5 μm. (F) Violin plot depicting the ratio between the highest PLK1-intensity spindle pole over the lowest PLK1-intensity spindle pole in mitotic cells with an aligned metaphase plate (magenta) or misaligned (cyan). *n* \> 45 cells/treatment across *n* = 11 embryos. Student's paired *t* test; \*\*\*\*, *p* \< 0.0001.](mbc-30-1598-g002){#F2}

Next, we tested whether this occurs in vivo by examining division in a zebrafish embryo expressing PLK1-mCherry and chromosomes stained with 4′,6-diamidino-2-phenylindole (DAPI) or NucBlue. In a fixed, 50% epiboly embryo ([Figure 2D](#F2){ref-type="fig"}), we noted metaphase cells with misaligned chromosomes compared with cells with a clearly aligned metaphase plate ([Figure 2E](#F2){ref-type="fig"}). Under these conditions, we calculated a ratio of the spindle pole with highest intensity over the pole with lowest intensity and determined that the mean ratio is significantly higher under conditions of misaligned chromosomes (mean at 1.27) compared with dividing cells with an aligned plate (mean at 1.12; [Figure 2F](#F2){ref-type="fig"}). Taken together, these studies suggest that chromosome misalignment is causing an elevated asymmetric distribution of PLK1 at spindle poles both in tissue culture and in vivo.

Determining oldest from youngest mitotic spindle pole and PLK1 distribution between the two
-------------------------------------------------------------------------------------------

Chromosomes preferentially misalign toward the oldest spindle pole, the one containing the oldest mitotic centriole ([@B10]). In our studies, we utilized HeLa cells that stably express GFP-centrin to distinguish mother from daughter spindle poles. GFP-centrin is enriched at the oldest spindle pole (mother) compared with the youngest spindle pole (daughter) due to the nature of centriole duplication. When new protein synthesis of centrin occurs, new centrioles incorporate freshly translated centrin. Thus, the oldest centriole has more centrin accumulated ([@B25]; [@B35]; [@B20]). Additional markers used to distinguish between the oldest and youngest pole were two mother centriole appendage proteins, cenexin (a subdistal appendage protein; [@B14]; [@B12]; [@B13]) and CEP164 (a distal appendage protein; [@B28]; [@B13]), along with the daughter centriole protein centrobin ([@B38]; [@B11]. When a single centrosome duplicates to two spindle poles, one spindle pole will inherit the mother centriole, while the other spindle pole does not ([@B13]; [@B33]). The oldest mitotic centriole is positive for cenexin and CEP164 and is enriched for GFP-centrin ([Figure 3, A--C](#F3){ref-type="fig"}, and Supplemental Figure 2, A and B). The youngest spindle pole has elevated amounts of the daughter centriole marker, centrobin ([Figure 3, A--C](#F3){ref-type="fig"}; [@B11]). We then calculated a ratio between mother and daughter spindle poles of CEP164, cenexin, GFP-centrin, and centrobin. In these studies the mother was distinguished by its elevated amounts of GFP-centrin ([@B25]; [@B35]; [@B20]). CEP164, cenexin, and centrin were enriched on the mother (ratios \>1; an equal distribution of 1 is at the dashed line), whereas centrobin was enriched on the daughter (ratio \<1; [Figure 3D](#F3){ref-type="fig"}).

![PLK1 distribution between the oldest (mother) and youngest (daughter) spindle poles. (A) Immunofluorescence staining of HeLa GFP-centrin cells at metaphase, centrioles (centrin, cyan), cenexin (magenta), centrobin (gold), and DNA (blue). Bar = 3 μm. (B) Insets from A showing cenexin (magenta), GFP-centrin (cyan), and centrobin (gold; Ba′). Fire-LUT depicting intensities of cenexin, GFP-centrin, and centrobin (Bb′). 3D profile plot of each pole. Heat map of intensity ranges (Bc′). (C) The intensity of cenexin, GFP-centrin, CEP164, and centrobin was measured at the mother and daughter spindle pole. Violin plot shown, black dashed line at median. Representative of *n* = 3 experiments, *n* \> 30 cells measured/group. Student's paired *t* test; \*\*, *p* \< 0.01; \*\*\*\*, *p* \< 0.0001. (D) Measured fluorescence intensities were used to calculate a ratio for each metaphase cell where the mother spindle pole intensity was divided by that of the daughter spindle pole. Violin plot shown, black dashed line at median. Representative of *n* = 3 experiments, *n* \> 30 cells/group. (E) Structured illumination micrograph (SIM) volumetric projection of a single metaphase HeLa cell immunolabeled for PLK1 (magenta), cenexin (cyan), and CREST (gray). Mother spindle pole (M) and daughter spindle pole (D). White insets depict single mitotic centrosomes. Bar = 5 μm. (F) PLK1 fluorescence intensity was measured at the mother and daughter spindle pole (determined by GFP-centrin) across *n* = 30 cells. Violin plot shown, black dashed line at median. Student's paired *t* test; \*\*, *p* \< 0.01.](mbc-30-1598-g003){#F3}

Cenexin has been identified to interact with PLK1 ([@B29], [@B30]). Using structured illumination microscopy (SIM) we found that cenexin was organized on one spindle pole (mother, M) in a specific "ring-like" pattern, and PLK1 organized in a similar pattern ([Figure 3E](#F3){ref-type="fig"}). This finding suggests that cenexin may be organizing a population of PLK1 specifically on one of the two spindle poles. When we measured the integrated fluorescence intensity of endogenous PLK1 at mother and daughter spindle poles in HeLa GFP-centrin cells, we found that the mother spindle pole (the one with the most GFP-centrin) contained significantly more PLK1 than the daughter spindle pole ([Figure 3, E and F](#F3){ref-type="fig"}).

PLK1 activity increases at the oldest spindle pole when a lagging chromosome is in close proximity
--------------------------------------------------------------------------------------------------

We measured PLK1 activity at spindle poles in cells expressing the centrosome-localized PLK1 activity FRET-biosensor ([Figure 1H](#F1){ref-type="fig"}; [@B3]). We did these studies with nocodazole synchronized and released cells under fixed conditions so that we could analyze more cells and induce misaligned chromosomes ([@B7]). Cells were fixed so that mother and daughter spindle poles could be distinguished, and kinetochores visualized. To identify the mother and daughter spindle poles, we used the molecular marker centrobin ([Figure 3, B--D](#F3){ref-type="fig"}) or centrin (Supplemental Figure 2B). Kinetochores were denoted by immunostaining for CREST. We measured PLK1 activity under conditions of normal chromosome alignment, misaligned chromosomes toward the mother spindle pole, or misaligned chromosomes toward the daughter spindle pole ([Figure 4A](#F4){ref-type="fig"}). Misaligned chromosomes were determined by identifying kinetochores outside the metaphase plate (yellow arrowheads in [Figure 4A](#F4){ref-type="fig"}). These unaligned chromosomes were positive for the mitotic kinase Aurora B (Supplemental Figure 2C). Aurora B is at its highest concentration between two sister chromatids when misaligned chromosomes are not under appropriate tension ([@B21]). Under conditions of normal chromosome alignment, a slight yet significant increase in PLK1 activity was measured at the mother spindle pole (median of 2.32) compared with the daughter (median of 2.19; [Figure 4B](#F4){ref-type="fig"}). We next compared PLK1 activity at the mother spindle pole with and without a misaligned chromosome ([Figure 4C](#F4){ref-type="fig"}, left) to the PLK1 activity at the daughter pole with and without a misaligned chromosome ([Figure 4C](#F4){ref-type="fig"}, right). In the event of a misaligned chromosome toward the mother, PLK1 activity measured significantly higher (median of 3.50) compared with conditions where there were no detectable misaligned chromosomes ([Figure 4C](#F4){ref-type="fig"}, left). In the event of a misaligned chromosome at the daughter spindle pole, there was no significant difference in PLK1 activity ([Figure 4C](#F4){ref-type="fig"}, right). From this, we conclude that PLK1 activity can increase at the oldest spindle pole specifically when a chromosome misaligns in that direction.

![PLK1 activity increases at the oldest spindle pole (mother) when a misaligned chromosome is in close proximity. (A) Models depicting conditions of normal chromosome alignment (top), misaligned chromosome to the mother spindle pole (center), and misaligned chromosome to the daughter spindle pole (bottom). Representative maximum confocal projections of metaphase HeLa cells immunostained for centrobin (magenta) and DAPI (white). Insets show inverse FRET ratio of the PLK1-FRET biosensor (right, Fire-LUT; ImageJ). The mother (M) and daughter (D) spindle poles labeled respectively. Bars = 5 μm. (B) Significantly greater PLK1 activity FRET ratios are measured at the mother (gray) spindle pole compared with the daughter (blue) under conditions of normal chromosome alignment. *n* = 79 cells over *n* = 3 experiments. Data shown as a box and whisker plot, + indicating mean, and each data point representing a single spindle pole. Student's paired *t* test, *p* = 0.0139. (C) Greater PLK1 activity FRET ratios are measured at the mother (gray) spindle pole when there is a misaligned chromosome in close proximity, but no change in PLK1 activity is measured when chromosomes misalign toward the daughter (blue). *n* \> 20 cells over *n* = 3 experiments, data shown as a box and whisker plot, + indicating mean, and each data point representing a single spindle pole. Student's unpaired *t* test, lagging chromosomes to mother (*p* = 0.0022), lagging chromosomes to daughter (*p* = 0.7044).](mbc-30-1598-g004){#F4}

An increase in PLK1 activity at the mother spindle pole is cenexin dependent
----------------------------------------------------------------------------

To determine whether an increase in PLK1 activity at the mother spindle pole in the event of a lagging chromosome is cenexin-dependent, we utilized a previously published cenexin-depleted HeLa cell line ([@B13]). Immunostaining ([Figure 5, A and B](#F5){ref-type="fig"}) and immunoblotting ([Figure 5C](#F5){ref-type="fig"}) confirmed cenexin depletion by short hairpin RNA (shRNA). We noted that in control shRNA--treated cells, 24.98 ± 3.83% of their mitotic cells presented with misaligned chromosomes, whereas in cenexin shRNA--treated cells, this percentage significantly increased to 39.3 ± 4.00% ([Figure 5, A and D](#F5){ref-type="fig"}, refer to arrow, and [Table 1](#T1){ref-type="table"}).

![An increase in PLK1 activity at the oldest spindle pole (mother) in the event of a misaligned chromosome is cenexin dependent. (A) Maximum confocal projections of control shRNA and cenexin shRNA HeLa cells immunostained for centrin (cyan), cenexin (magenta), and DAPI (gray). Yellow arrowhead indicates misaligned chromosomes. Bars = 5 μm. (B) Cenexin fluorescence intensity at the mother spindle pole in control shRNA and cenexin shRNA HeLa cells. Data shown as a box and whisker plot over *n* \> 26 cells, + indicating mean, and each data point representing a single spindle pole. Representative from *n* = 3 experiments. Student's *t* test, *p* \< 0.0001. (C) Western blot of HeLa cells expressing a control nontargeting shRNA or a cenexin shRNA. Tubulin loading control shown below. (D) Bar graph depicting percent (%) metaphase cells with misaligned chromosomes in control and cenexin-depleted cells under control conditions or after ProTAME (10 μM) synchronization in metaphase. *n* = 3 experiments ± SEM. With a one-way ANOVA applying multiple comparisons to control shRNA, cenexin shRNA-treated (\*\*, *p* = 0.0023) and cenexin shRNA-treated plus ProTAME (\*\*\*\*, *p* \< 0.0001) are significant. (E) PLK1 activity FRET ratios between the mother (gray) and daughter (blue) spindle poles in cenexin-depleted cells when chromosomes are properly aligned. *n* \> 80 cells over *n* = 3 experiments, data shown as a box and whisker plot, + indicating mean, and each data point representing a single spindle pole. Student's paired *t* test, *p* = 0.3504. (F) PLK1 activity in cenexin-depleted cells in the presence of a misaligned chromosome toward the mother (gray) spindle pole or the daughter (blue) spindle pole. *n* \> 40 cells over *n* = 3 experiments, data shown as a box and whisker plot, + indicating mean, and each data point representing a single spindle pole. Student's unpaired *t* test, misaligned chromosome to mother (*p* = 0.0719), misaligned chromosome to daughter (*p* = 0.9415). (G) Bar graph representing average PLK1 FRET ratio at the mother spindle pole in cenexin-depleted cells compared with controls in the event of a misaligned chromosome toward the mother spindle pole across *n* = 3 experiments ± SEM, Student's *t* test, *p* = 0.0018. (H) Ratio of PLK1 FRET between the mother and daughter (FRET ratios at mother/FRET ratios at daughter) were compared in control cells (gray) and cenexin-depleted cells (gold) under conditions of equal chromosome misalignment toward both spindle poles, asymmetry in misaligned chromosomes toward the mother spindle pole, or asymmetry in misaligned chromosomes toward the daughter spindle pole. Black dotted line at *y* = 1 represents equal FRET ratios between mother and daughter spindle poles. *n* \> 56 cells in graph measured over *n* = 3 experiments. Range of data shown as a box plot; center bar represents mean. (I) Model illustrating an increase in PLK1 activity (magenta) in control cells, which does not occur in cenexin-depleted cells.](mbc-30-1598-g005){#F5}

###### 

Cenexin and PLK1 regulate directional chromosome misalignment during metaphase.

                                      \% metaphase cells with misaligned chromosomes   \% of misaligned metaphase cells with chromosomes toward mother   \% of misaligned metaphase cells with chromosomes toward both poles
  ----------------------------------- ------------------------------------------------ ----------------------------------------------------------------- ---------------------------------------------------------------------
  Control shRNA                       24.98 ± 3.83                                     58.08 ± 4.28                                                      20.10 ± 5.32
  Control shRNA + 100 nM nocodazole   38.88 ± 6.28                                     57.49 ± 11.79                                                     24.75 ± 11.81
  Control shRNA + 10 μM ProTAME       19.93 ± 4.45                                     56.79 ± 4.90                                                      18.55 ± 12.01
  Control shRNA + 100 nM BI2536       44.63 ± 3.70                                     41.42 ± 0.72                                                      36.48 ± 3.20
  Cenexin shRNA                       39.3 ± 4.00                                      42.9 ± 2.80                                                       31.37 ± 1.90
  Cenexin shRNA + 100 nM nocodazole   48.47 ± 5.40                                     16.86 ± 0.90                                                      65.45 ± 4.90
  Cenexin shRNA + 100 nM BI2536       61.00 ± 3.40                                     54.33 ± 5.21                                                      18.07 ± 3.36

The mitotic index, percent of mitotic cells that had chromosomes misaligned toward the mother spindle pole, and the percent of mitotic cells that had chromosomes misaligned toward both spindle poles are shown. These measurements were completed for control shRNA HeLa cells as well as cenexin shRNA HeLa cells treated with 100 nm of nocodazole, 10 µm of ProTAME, or 100 nm of BI2536. Percentages are mean percentages over *n* \> 3 experiments ± SEM.

We next examined cells synchronized in metaphase using the anaphase promoting complex inhibitor, ProTAME (10 μM), or the microtubule destabilizing drug, nocodazole (100 nM). In control cells treated with ProTAME, 19.93 ± 4.45% of mitotic cells had misaligned chromosomes ([Figure 5D](#F5){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). In ProTAME synchronized cenexin-depleted cells there was a threefold increase compared with control (64.9 ± 10.60%; [Figure 5D](#F5){ref-type="fig"} and representative images in Supplemental Figure 2D). The misalignment observed in ProTAME synchronized cells was severe with misaligned chromosomes accumulating at both poles (Supplemental Figure 2D). A similar increase in the percentage of mitotic cells with misaligned chromosomes was observed in cenexin-depleted cells synchronized in nocodazole (48.47 ± 5.40%) when compared with controls (38.80 ± 6.28%; [Table 1](#T1){ref-type="table"}). Together these studies suggest that cenexin loss is causing defects in chromosome alignment.

We next tested whether cenexin localization at the mother spindle pole drives preferential distribution of PLK1 activity. The centrosome-localized PLK1 FRET activity biosensor was expressed in cenexin-depleted HeLa cells. These studies were performed under fixed conditions with cells that were nocodazole synchronized and released. Under conditions of normal chromosome alignment, there was no significant difference in the inverse FRET ratios between the mother (median of 2.184) and daughter spindle pole (median of 2.16; [Figure 5E](#F5){ref-type="fig"}). When a misaligned chromosome was present toward the mother spindle pole, there was no significant increase in PLK1 activity at this site ([Figure 5F](#F5){ref-type="fig"}, left). Additionally, there was no increase in PLK1 activity at the daughter when a misaligned chromosome was present ([Figure 5F](#F5){ref-type="fig"}, right). To directly compare the differences in activity at the mother spindle pole when a misaligned chromosome is present in cells treated with control shRNA or cenexin shRNA, the average inverse FRET ratios for PLK1 were calculated over *n* = 3 experiments. A significantly higher average inverse FRET ratio was calculated in control cells (3.99 ± 0.19) compared with cenexin-depleted cells (2.28 ± 0.14; [Figure 5G](#F5){ref-type="fig"}). These studies suggest a mechanism where PLK1 activity at the oldest spindle pole can respond to chromosome misalignment in a cenexin-dependent manner. If cenexin is absent, an increase in overall misalignment occurs ([Figure 5D](#F5){ref-type="fig"} and [Table 1](#T1){ref-type="table"}).

We examined how PLK1 activity was distributed between the two spindle poles when more than one chromosome misaligns. The inverse FRET ratio at the mother spindle pole and the inverse FRET ratio at the daughter spindle pole were calculated and presented as a mother to daughter ratio (M:D). If there are consistently equal activities between the two spindle poles, a tight range of values that organize around 1 should be calculated. The ratios presented were calculated under three different conditions: 1) when chromosome misalignment was equal to each pole (e.g., one chromosome toward the daughter and one chromosome toward the mother); 2) asymmetric mother misalignment (e.g., \>2 chromosomes toward the mother and \<2 chromosomes toward the daughter), and asymmetric daughter misalignment (e.g., \<2 chromosomes toward the mother and \>2 chromosomes toward the daughter). In control cells, we found a range in activity that always trends above 1 under all conditions. However, in cenexin-depleted cells, a tighter trend that concentrated around a value of 1 was calculated ([Figure 5H](#F5){ref-type="fig"}). This graph suggests that in control cells under both symmetric and asymmetric chromosome misalignment conditions, there is a bias in PLK1 activity toward the mother spindle pole. This bias is lost, however, when cenexin is depleted ([Figure 5H](#F5){ref-type="fig"}). From here, we present a model where PLK1 acts as a sensor to correct for chromosome misalignment at the cenexin-positive oldest spindle pole (mother; [Figure 5I](#F5){ref-type="fig"}).

Chromosomes predominately misalign toward the oldest spindle pole in a cenexin- and PLK1-dependent manner
---------------------------------------------------------------------------------------------------------

A previous report demonstrated an inherent bias for chromosomes to preferentially misalign toward the oldest spindle pole (mother) in a cenexin-dependent manner ([@B10]). This suggests a reason for a sensing mechanism to be in place specifically at the mother spindle pole. To confirm and expand upon the findings of [@B10], we utilized control and cenexin-depleted HeLa cells stably expressing GFP-centrin (to determine centrosome age; [Figure 3, A--D](#F3){ref-type="fig"}, and Supplemental Figure 3, A and B; [@B25]; [@B20]) and mCherry-CENPA (to follow chromosome missegregation by marking kinetochores; [@B26]; [@B10]). The number of chromosomes (marked by mCherry-CENPA) that misaligned were evaluated by live-cell video microscopy (Supplemental Figure 3, C and D, and Supplemental Video 3). We found a preferential directionality in misaligned chromosomes toward the mother (53.7%), compared with the daughter (19.5%), and toward both spindle poles (26.8%; Supplemental Figure 3C). Notably, we found that anywhere between 1 and 6 chromosomes can misalign toward the mother, whereas ≤2 chromosomes tend to misalign toward the daughter under control conditions (Supplemental Figure 3C). These studies were confirmed over four experiments where 54.17 ± 6.59% of cells presented with preferential chromosome misalignment toward the mother (Supplemental Figure 3D). However, this preferential misalignment is disrupted in cells where cenexin is depleted by shRNA (Supplemental Figure 3D). Together, the results suggest that chromosomes preferentially misalign toward the oldest spindle pole in a cenexin-dependent manner.

###### Video S3

**Chromosomes predominately misalign toward the oldest spindle pole in a cenexin-dependent manner**. Maximum confocal micrographs of single HeLa cells stably expressing CENPA-mCherry (black) and either control (left) or cenexin (right) shRNA from prometaphase/metaphase through cytokinesis. Images taken every 3 seconds for 84 seconds. Bar = 5μm.

Video S3

Because chromosomes preferentially misalign toward the oldest spindle pole (mother), and PLK1 activity is significantly increased at the mother in the presence of misaligned chromosomes, it is possible that directional chromosome misalignment occurs in a PLK1- and cenexin-dependent manner. To test this, we treated both control and cenexin-depleted cells with the PLK1 inhibitor, BI2536 (100 nM), fixed, and then scored metaphase cells that had misaligned chromosomes toward the mother, daughter, or both spindle poles ([Figure 4A](#F4){ref-type="fig"}). In control cells, chromosomes tend to misalign toward the mother (58.08 ± 4.28% of cells; [Figure 6, B and C](#F6){ref-type="fig"}, and [Table 1](#T1){ref-type="table"}). This preferential misalignment occurs under two methods of synchronization, either with 100 nM nocodazole followed by 20--30 min release (57.49% ± 11.79% mitotic cells misalign chromosomes toward the mother) or using 10 μM of ProTAME (56.79 ± 4.90% mitotic cells misalign chromosomes toward mother; [Table 1](#T1){ref-type="table"}). However, there was a significant decrease in the percentage of cells that misalign chromosomes toward the mother in cenexin-depleted cells (39.30 ± 4.00%; [Figure 6, B and C](#F6){ref-type="fig"}, and [Table 1](#T1){ref-type="table"}), with an increase to both spindle poles (31.37 ± 1.90%, compared with controls at 20.10 ± 5.32%; [Figure 6, B and C](#F6){ref-type="fig"}, and [Table 1](#T1){ref-type="table"}). With PLK1 inhibition (100 nM BI2536), the percentage of cells with preferential chromosome misalignment toward the mother significantly dropped to 44.63 ± 3.70% ([Figure 6, B and C](#F6){ref-type="fig"}, and [Table 1](#T1){ref-type="table"}). These studies suggest that either PLK1 inhibition (BI2536 treatment), or cenexin depletion, causes an increased probability for chromosomes to misalign toward both spindle poles compared with just the mother.

![Chromosomes predominately misalign toward the oldest spindle pole in a PLK1- and cenexin-dependent manner. (A) Maximum confocal projections of HeLa cells stably expressing centrin-GFP, CENPA-mCherry, and either a control or cenexin shRNA, treated with 100 nM BI2536. Yellow arrows depict lagging chromosomes. Bar = 5 μm. (B) Bar graph quantifying percentage of cells that display misaligned chromosomes toward the mother spindle pole (left) or both spindle poles (right) in control and cenexin-depleted cells ± 100 nM BI2536 treatment. Dotted line at 50% represents randomization. *n* = 3 experiments ± SEM, one-way ANOVA (\*, *p* = 0.0131; \*\*, *p* = 0.0028). (C) Quantification of misaligned chromosome directionality (%) in control and cenexin-depleted HeLa cells ± 100 nM BI2536 treatment. *n* \> 50 cells over *n* = 3 experiments ± SEM; a one-way ANOVA was performed for each condition: control shRNA (*p* \< 0.0001), cenexin shRNA (*p* = 0.1099), control shRNA +BI (*p* = 0.0063), cenexin shRNA +BI (*p* = 0.0047). (D) Number of individual misaligned chromosomes toward either the mother (gray) or daughter (blue) spindle poles under conditions where chromosomes misalign in both directions. *n* \> 5 experiments, range of data shown as a box plot, and center bar represents mean.](mbc-30-1598-g006){#F6}

To test whether PLK1 and cenexin might be acting together to modulate the direction of chromosome misalignment, we treated cenexin-depleted cells with the PLK1 inhibitor BI2536 and compared with control shRNA--treated cells, cells treated with BI2536 alone, and cenexin shRNA--treated cells. Strikingly, in cells treated with both cenexin shRNA and BI2536, cells are restored to control conditions, with 54.33 ± 5.21% of mitotic cells with misaligned chromosomes going toward the mother and only 18.07 ± 3.36% of cells with misaligned chromosomes toward both spindle poles ([Figure 6, B and C](#F6){ref-type="fig"}, and [Table 1](#T1){ref-type="table"}). Of note, under these conditions 61 ± 3.40% of the total population of metaphase cells have misaligned chromosomes compared with BI2536- (44.63 ± 3.70%) or cenexin shRNA--treated (39.3 ± 4.0%; [Table 1](#T1){ref-type="table"}) cells.

To test whether there is a bias under conditions where there is chromosome misalignment toward both spindle poles, the number of chromosomes toward the mother and daughter were scored per cell ([Figure 6D](#F6){ref-type="fig"}). Control cells presented with a tendency for more chromosomes to misalign toward the mother spindle pole (anywhere from one to seven chromosomes, noted by CREST staining) compared with the side of the cell with the daughter (one to three chromosomes; [Figure 6D](#F6){ref-type="fig"}). This trend toward the mother, however, is diminished when cells are treated with a cenexin shRNA, BI2536, or both cenexin shRNA and BI2536. Under these conditions, there is equal chromosome segregation to both sides of the spindle (anywhere from one to three chromosomes). This result suggests that, even under conditions of chromosome misalignment toward both spindle poles, there is still a bias for chromosomes to misalign toward the oldest spindle pole in a cenexin- and PLK1-dependent manner.

DISCUSSION
==========

Through this study, we determined that if chromosomes misalign, these chromosomes are more likely to misalign toward the oldest spindle pole (mother). Upon misalignment toward the mother, one cellular response that occurs is a cenexin-dependent increase in PLK1 activity at this site. On the basis of this result, we present a model where cenexin and PLK1 work together in response to misaligned chromosomes. We propose this model based on the known interaction between PLK1 and cenexin ([@B29], [@B30]), and our studies that identified PLK1 in a ring-like structure at the mother spindle pole colocalizing with the ring-like structure cenexin forms ([Figure 3E](#F3){ref-type="fig"}). Additionally, we find that PLK1 inhibition or cenexin depletion causes chromosomes to no longer preferentially misalign toward the mother ([Figure 6, A--C](#F6){ref-type="fig"}, and [Table 1](#T1){ref-type="table"}). Instead, chromosomes tend to misalign more toward both spindle poles ([Figure 6, B and C](#F6){ref-type="fig"}, and [Table 1](#T1){ref-type="table"}). However, if we combine PLK1 inhibition with cenexin depletion, we restore the propensity for chromosomes to misalign toward the mother ([Figure 6, B and C](#F6){ref-type="fig"}, and [Table 1](#T1){ref-type="table"}), but cause an increased percentage of mitotic cells to have misaligned chromosomes (61.00 ± 3.40% compared with cenexin depletion at 39.3 ± 4.0%). From these studies we propose a model that PLK1 and cenexin work together as a sensor to correct and respond to chromosome misalignment.

Another potential model is that the mother spindle pole is driving chromosomes to misalign toward itself and is not necessarily acting as a sensor to fix a misaligned chromosome. If this were the case, we would propose that depleting cenexin would decrease chromosome misalignment toward the mother, but not affect overall chromosome misalignment. Here, we find that cenexin depletion significantly decreases chromosome misalignment toward the mother spindle pole ([Figure 6B](#F6){ref-type="fig"} and [Table 1](#T1){ref-type="table"}), but causes a subsequent increase in the total percentage of cells that present with misaligned chromosomes toward both spindle poles ([Figure 6, B and C](#F6){ref-type="fig"}, and [Table 1](#T1){ref-type="table"}). We did not find a condition that preferentially forced chromosomes to misalign toward the daughter spindle pole. These data support our first proposed model that PLK1 and cenexin work as a sensor to respond to and fix chromosome misalignment.

We predict that in order for PLK1 and cenexin to act as a sensor to fix misaligned chromosomes, a feedback mechanism needs to be in place to alert the spindle pole to a misaligned chromosome in close proximity. Active PLK1 resides at the kinetochore of misaligned chromosomes, acting as a mitotic checkpoint until proper microtubule attachments have been made and the error has been rectified ([@B23]). To date, distinct, independent pools of active PLK1 have not been identified between spindle poles and kinetochores. This leaves the potential for active-PLK1 to cross-communicate or exchange between the kinetochores and centrosomes, alerting the oldest spindle pole of a misaligned chromosome. This would allow the spindle pole closest to the lagging chromosome to become hyperactivated through increased PLK1 activity. This increase in PLK1 activity could potentially recruit more PCM components to nucleate more microtubules to correct the misaligned chromosome. PLK1 activity has been associated with recruiting PCM proteins such as pericentrin, CEP215, and γ-tubulin ([@B22]; [@B19]; [@B27]). Each of these components is also known to be enriched at the oldest spindle pole and CEP215 and pericentrin form a complex with the mother centriole appendage protein, centriolin ([@B6]; [@B5]; [@B2]). Thus, increased PLK1 activity specifically at the mother spindle pole can lead to pericentriolar material remodeling specifically at this spindle pole.

Our finding that a bias exists in chromosome misalignment toward the mother spindle pole may have evolutionary implications. For instance, previous studies have determined using the *Drosophila* germline that the mother spindle pole is inherited by the daughter cell that remains stem, while the daughter spindle pole is inherited by the cell destined for differentiation ([@B36]). When stem cells divide, these divisions are responsible for repopulating the stem-cell niche, as well as providing cells that will differentiate. This preference for the mother to be inherited by the cell which remains within the stem cell population could shed light on why the oldest spindle pole preferentially misaligns chromosomes during division. Stem cells are better equipped to cope with aneuploidy compared with differentiated cells (reviewed in [@B9]), due to the importance of these cells in maintaining genome integrity. To combat aneuploidy, stem cells have multiple forms of defense. These defenses include increased expression of DNA damage repair (DDR), which can repair the genomic errors associated with aneuploidy ([@B24]) and p53-driven apoptosis or spontaneous differentiation, which removes the aneuploid cell from the stem cell population to retain genomic integrity ([@B15]). An alternative viewpoint in this argument is that stem cells provide an opportunity to pass on "cultural adaptations" that may arise as the result of aneuploidy ([@B8]). This would allow stem cells to develop an advantage due to this new, unique genome, allowing for adaptations in differentiated cells previously unavailable. Together, this could explain why our studies showed a preferential, directional misalignment of chromosomes toward the mother.

In conclusion, our studies utilize both a zebrafish embryonic model and an in vitro cell culture model to demonstrate an asymmetry in PLK1 distribution and activity between the two spindle poles. Here, we argue that this asymmetry is conserved and occurs predominately during instances of chromosome misalignment toward the mother spindle pole.

MATERIALS AND METHODS
=====================

Antibodies and chemical inhibitors
----------------------------------

For Western blot analysis and immunofluorescence imaging, the following antibodies were used: mouse anti-PLK1 (E-2; Santa Cruz; sc-55504; 1:250), rabbit anti-cenexin (Proteintech; 12058-1-AP; 1:250), mouse anti--α-tubulin monoclonal antibody (Proteintech; 66031-1-Ig; 1:10,000), human anti-CREST (Antibodies; 15-234-0001; 1:1000), mouse anti-centrin clone 20H5 (Millipore Sigma; 04-1624; 1:1000), rabbit anti-CEP164 (Novus Biologicals; NBP1-81445; 1:50), and mouse anti-centrobin (Abcam; ab70448; 1:500). Horseradish peroxidase (HRP)-conjugated antibodies: donkey anti-mouse immunoglobulin G (IgG) (H+L; Jackson ImmunoResearch Labs; 715-035-150), donkey anti-rabbit IgG (H+L; Jackson ImmunoResearch Labs; 711-035-152), and mouse anti-GAPDH (1:10,000, Sigma Aldrich; 45-9295). Fluorescent secondary antibodies include Alexa Fluor donkey anti--mouse 488 (Life Technologies; A21202), 568 (Life Technologies; A10037), and 647 (Life Technologies; A31571); Alexa Fluor donkey anti--rabbit 488 (Life Technologies; A21206), 568 (Life Technologies; A10042), 647 (Life Technologies; A31573), rhodamine-conjugated donkey anti-human (Jackson Immunoresearch; 709-025-149), and DyLight 649-conjugated goat anti-human (Jackson Immunoresearch; 109-495-064). Chemical inhibitors include nocodazole used on cells at 100 nM (Fisher; AC358240500), ProTAME (Fisher; I44001M) used on cells at 10 μM, and BI2536 (Selleck Chemicals; S1133-5 mg) used on cells at 100 nM.

Zebrafish
---------

Zebrafish embryos (provided by Jeffrey Amack's laboratory, SUNY Upstate Medical University) were injected with 100--150 pg PLK1-mCherry mRNA immediately following fertilization. Injected zebrafish were then grown at 30°C until 4.5 h postfertilization. For live imaging, embryos were mounted in MatTek dishes using 2% agar and imaged at 30°C. For fixed imaging, embryos were fixed at 4.5 hpf in 4% paraformaldehyde (PFA) + 0.5% Triton X-100 overnight at 4°C. The following day, embryos were washed in phosphate-­buffered saline (PBS) + 0.5% Tween for 20 min, dechorionated, and placed in NucBlue fixed cell stain from Ready Probes (Thermo Fisher Scientific; R37606) for 30 min before imaging.

Cell culture
------------

HeLa cells expressing either control or cenexin shRNA ([@B13]) and PLK1-GFP RPE cells were used throughout this study. For live-cell imaging, a GFP-centrin/ mCherry-CENPA HeLa cell line was used, a kind gift from Patrick Meraldi, Department of Cell Physiology and Metabolism, Université de Genève ([@B10]. All cultures were grown in 1X DMEM (Life Technologies) supplemented with 10% Seradigm FBS (VWR) and 1% penicillin--streptomycin (10,000 U/ml; Life Technologies) and maintained at 37°C with 5% CO~2~. Cells were synchronized as noted with either nocodazole (100 nM) or ProTAME (10 μM). For nocodazole synchronization, cells were incubated for at least 6 h in nocodazole to synchronize in prometaphase and then washed with fresh media three times and incubated for 20 min for cells to synchronize in metaphase. With ProTAME synchronization, cells were incubated for 6 h and then immediately fixed.

shRNA and plasmid constructs
----------------------------

Control shRNA and cenexin shRNA ([@B13]) were infected in HeLa cells stably expressing GFP-centrin and mCherry-CENPA to create a stable cenexin-depleted cell line. Lentiviruses used to generate the stable cell lines used the protocol of [@B13]. FRET experiments were performed using a centrosome-localized PLK1 FRET-biosensor. This previously characterized biosensor was localized to the centrosome through fusion to the PACT domain ([@B3]). pCS2-PLK1-mCherry constructs were generated and verified through sequencing.

Immunofluorescence 2D cultures
------------------------------

Cells were plated on \#1.5 coverslips until they reached 90% confluence, and fixed using either methanol (−20°C; described in [@B3]) or 4% PFA containing 0.5% Triton X-100 at room temperature for 30 min. Cells were washed, blocked with PBSΔT (PBS, 1% bovine serum albumin, 0.5% Triton X-100), and incubated with primary antibodies for 1 h at room temperature. Cultures were washed three times with PBSΔT and incubated with secondary antibodies for 1 h at room temperature. Coverslips were rinsed with diH~2~O and mounted on glass slides using either Vectashield (Vector Laboratories; H-1000) or Prolong Diamond with DAPI mounting media (Thermo Fisher Scientific; P36971).

FRET
----

HeLa cells expressing either control or cenexin shRNA ([@B13]) were transfected with PLK1 FRET-PACT sensor using Mirus Bio TransIT-X transfection reagent. After 48 h, cells were treated with 100 nM nocodazole and synchronously released into metaphase after 6 h to induce lagging chromosomes. Cells were imaged live or then fixed using 4% PFA containing 0.5% Triton X-100 at room temperature for 30 min. Cells were immunostained for centrobin (1:500) or centrin (1:1000) to distinguish between the spindle poles and CREST (1:1000) to visualize kinetochores. Coverslips were then mounted in vectashield and imaged using a Leica DMi8 STP800 (Leica, Bannockburn, IL) equipped with an 89 North--LDI laser, Photometrics Prime-95B camera, Crest Optics: X-light V2 Confocal Unit spinning disk, using a HC PL APO 63×/1.40 NA oil CS2 objective. For these experiments, YFP^ex^→YFP^em^ control images were taken, using a 520-excitation laser. CFP^ex^→YFP^em^ was imaged using a 445-excitation laser. The YFP^ex^→YFP^em^/CFP^ex^→YFP^em^ FRET ratio was calculated using ImageJ Ratio-Plus plug-in after background subtraction and averaged over multiple cells. Experiments were repeated multiple times with similar results.

Imaging
-------

Zebrafish and tissue culture cells were imaged using a Leica SP8 scanning confocal microscope (Leica, Bannockburn, IL) or a Leica DMi8 equipped with a X-light V2 Confocal Unit spinning disk. The Leica SP8 was equipped with an HC PL APO 40×/1.10 W CORR CS2 objective equipped with Leica LAS-X software (Leica). The Leica DMi8 STP800 (Leica, Bannockburn, IL) equipped with a Lumencor SPECTRA X (Lumencor, Beaverton, OR) with a Hamamatsu ORCAflash 4.0 V2 CMOS C11440-22CU camera or 89 North--LDI laser with a Photometrics Prime-95B camera taken with a Crest Optics: X-light V2 Confocal Unit spinning disk. Optics used were either HC PL APO 63×/1.40 NA oil CS2, HC PL APO 40×/1.10 NA WCS2 CORR, a 40 × 1.15 N.A. Lamda S LWD, or 100×/1.4 N.A. HC Pl Apo oil emersion objective. Metamorph or VisiView software was used to acquire images. Superresolution 3D-SIM images were acquired on a DeltaVision OMX V4 (GE Healthcare) equipped with a 60×/1.42 NA PlanApo oil immersion lens (Olympus), 405-, 488-, 568-, and 642-nm solid-state lasers and sCMOS cameras. Image stacks of 5--6 µm with 0.125-µm-thick z-sections and 15 images per optical slice (three angles and five phases) were acquired using immersion oil with a refractive index of 1.518. Images were reconstructed using Wiener filter settings of 0.003 and optical transfer functions measured specifically for each channel with SoftWoRx 6.1.3 (GE Healthcare). Images from different color channels were registered using parameters generated from a gold grid registration slide (GE Healthcare) and SoftWoRx 6.1.3 (GE Healthcare).

Image analysis
--------------

z-Steps (0.2 μm) of cell volumes are presented as maximum projections using ImageJ. Integrated intensities were measured on sum projections as described in [@B37]. Line scans were performed by calculating the normalized fluorescence intensity across a single line; poles were determined as the oldest if they had elevated centrin (as reported in [@B20]). Spindle pole integrated intensities were measured from sum confocal projections. Background fluorescence was measured based on values from control shRNA--treated cells and subtracted from both control and cenexin shRNA--treated cells. A ROI was placed over spindle poles (marked with GFP-centrin or cenexin, depending) and the fluorescence intensity was measured. The same ROI was used for all images. Graphs and statistical analysis (unpaired Student's *t* tests or analysis of variance \[ANOVA\] as labeled) were completed using Graphpad Prism software. Error bars represent ± SEM; *p* \< 0.05 were considered to be statistically significant. All images were set to a resolution of 300 DPI or greater after image analysis from raw data.

To quantify PLK1 intensity ratios between poles in zebrafish embryos, a maximum projection was created using a z-stack that encompassed both spindle poles of a metaphase cell. A ROI was drawn around one pole of a single cell within an embryo using FIJI/ImageJ. The same ROI was used for all images. The mean intensity was calculated by subtracting the minimum intensity from that measured region. A ratio was calculated by dividing the value of the pole with the smaller intensity by the value of the pole with the larger intensity. This yielded a value greater or equal to 1. Graphs and statistical analysis (unpaired Student's *t* tests or ANOVA analysis as labeled) were completed using Graphpad Prism software.
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======================
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